ABSTRACT To increase the flexibility of network architecture, a mobile X-haul network (MXN) structure has been considered, in which the wireless front-haul, mid-haul, and backhaul links are integrated into a wireless X-haul link. Accordingly, the mobile station can be served by flexible transmission reception point (f-TRP) or remote radio head through the access link and the associated data should be delivered from XDU to the f-TRP through the X-haul link. Accordingly, the system throughput is determined by the minimum value of the access link capacity and the X-haul link capacity. In this paper, when millimeter-wave (mmWave) is exploited in such MXN with in-band full duplex, the optimal beamforming strategy is proposed, in which the receive beamforming for the X-haul link and the transmit beamforming for the access link are jointly designed to maximize the system throughput. Furthermore, we investigate the rate loss due to the quantization error of the channel state information at f-TRP with limited feedback, in which its upper bound is analytically derived and exploited in the determination of the number of feedback bits for a given finite rate loss.
I. INTRODUCTION
Due to the rapid increase in demand for services based on Internet of Things (IoT), mobile communication system is required to fulfill additional performance indicators as an essential building block for IoT. In addition to providing higher data rate, massive connectivity of objects, low latency communication, and low energy consumption are considered to support IoT services in 5th generation (5G) wireless system standardization. As a promising technology for fulfilling data rate and energy efficiency requirements, the deployment of low-cost low-power small cells has been extensively investigated [1] - [3] .
A network densification with small cell deployments is able to reduce pathloss and improve frequency reuse by shortening the link distance between base station (BS) and mobile terminal [3] . In order to exploit these gains from small cell deployments, a high-bandwidth backhaul to every BS is prerequisite; however, the conventional optic fiber based backhaul incurs prohibitively expensive installation cost due to a large number of BSs in dense networks. Furthermore, the network densification with small cell deployments can bring frequent handover to the terminal with a high mobility, and it directly induces a high latency. In order to fulfill the latency requirement for 5G wireless systems together with exploiting the benefits of network densification, a mmWavebased cloud radio access network (C-RAN) has been actively investigated recently. C-RAN is a dense network where the conventional BSs are replaced by low-complexity remote radio heads (RRHs) and they are coordinated by a central processor (CP) [4] - [9] . Through centralized joint signal processing and resource allocation among RRHs, mmWave-based C-RAN is not only able to reduce the latency caused by frequent handover but also able to further improve the spectral and energy efficiencies [10] . In the downlink transmission of has been analyzed by deriving the closed-form expressions for the upper-bound of the rate loss. The analytic results also give an insight into the determination of the required feedback bits for a constant rate loss and are utilized as theoretical designing rules for MXN implementation. Finally, the simulation results validate our analysis results and show the performance gain of the proposed scheme over the conventional scheme based on maximum ratio transmission (MRT).
The rest of this paper is organized as follows. In Section II, we introduce the system model for mmWave-based in-band full-duplex MXN. In Section III, we discuss the optimal transceiver design when the perfect CSIT is available. In Section IV, the rate loss of the proposed transceiver design is discussed when there is quantization error in CSI due to the limited channel feedback. In Section V, we present the extension to 3D multi-user beamforming with a planar array antenna at f-TRP and analyze the computational complexity of the proposed beamforming algorithm. In Section VI, we provide several simulation results and in Section VII we give our conclusions.
II. SYSTEM MODEL
We consider a downlink data transmission in the MXN with IFD mode as in Fig. 1 , where the RRH (or f-TRP) receives the downlink data from XDU with M r receive antennas and simultaneously, transmits the data to MS with M t transmit antennas. To get an insight into the effectiveness of in-band communications, we assume that the resources in access link is orthogonally allocated to the active users in time/frequency domains. 1 Then, the received signal at the active MS with a single receive antenna can be written as
where x a ∈ C M t ×1 is the beamforming signal transmitted through the access link for the active user and is given by x a = f t s a . Here, f t is the the transmit beamforming vector for access link with f t 2 = 1 and s a is the transmit symbol 1 We discuss the extension to 3D multi-user beamforming with planar array at f-TRP in Section V. VOLUME 6, 2018 with the transmit power P tx,a (i.e., E[|s a | 2 ] = P tx,a ). In addition, n a denotes the additive noise following the distribution CN (0, σ 2 n ), and h a ∈ C 1×M t denotes the channel vector for the access link which is modeled as [18] , [19] 
where l a (d 1 ) is the path-loss with a distance d 1 and a pathloss exponent α PL,a , given as l a (
and α l is a small-scale fading for the l-th multi-path which is assumed to follow the distribution CN (0, 1) throughout the paper. In addition, L a is the number of multi-paths in access link and a H t (φ t,l ) is the Tx steering vector with the angle of departure (AoD), φ t,l , which is given as
with an inter-antenna space d and a wavelength λ of the carrier signal. In (1), the signal from XDU is ignored because it is beamformed to the f-TRP with a high directivity and mmWave signal is heavily attenuated in non-line-of-sight (NLOS) channel.
The received signal at the f-TRP is then written as
where x x ∈ C M t,x ×1 is the transmit beamforming signal from the XDU, given by x x = w t s x . Here, w t is the the transmit beamforming vector for X-haul link with w t 2 = 1 and s x is the transmit symbol with E[|s x | 2 ] = P tx,x . Throughout the paper, for simplicity, we assume that P tx,a = P tx,x = 1W , but it can be easily extended to different power levels. In addition, n x denotes an additive random noise vector following the distribution CN (0, σ 2 n I M r ). Because the millimeter wave X-haul link is deployed with a line-of-sight channel in general, the channel matrix H x ∈ C M r ×M t,x from XDU to f-TRP can be modeled as [18] , [19] 
where the path-loss
for a distance d 0 and a pathloss exponent α PL,x , and α 0 denotes a small-scale fading which is assumed to follow the distribution CN (0, 1) throughout the paper. In addition, a r (φ r,0 ) and a H t (φ t,0 ) are the Rx/Tx steering vectors with the angle of arrival (AoA) φ r,0 and the AoD φ t,0 , respectively. Because a single stream is transmitted through the rank-one channel matrix H x , the received signal can be processed with the receive beamforming vector w r ( w r 
wheren x = w H r n x . From (3), H s ∈ C M r ×M t is the self-interference channel from the transmit to receive sides of the f-TRP, which is also modeled as a far-field channel model [18] , [20] 
where K s is the scaling factor such that
= ρ s and L s is the number of multi-paths for the self-interference. Here, ρ s is a self-interference channel power ratio (SICPR) and K s can be determined as
III. OPTIMAL TRANSCEIVER DESIGN FOR MMWAVE IFD AT F-TRP WITH PERFECT CSIT A. PROBLEM FORMULATION From (5), the achievable rate for the X-haul link is given as
where the second equality is because the optimal transmit beamforming vector at XDU is given as w t = a t (φ t,0 ). Here, w r is the receive beamforming vector for X-haul link and f t is the transmit beamforming vector for access link. From (1), the achievable rate for the access link is given as
Because the throughput of X-haul network is determined as a small value among the throughput of the X-haul/access links, the optimization problem can be formulated as
Note that (P1) is a non-convex problem and has no closed-form solution because f t affects both R x and R a .
B. ITERATIVE SOLUTION FOR MMWAVE IFD AT F-TRP
To get an insight into the optimal f t and w r , we consider a LOS channel for the access link (i.e., L a = 1 in (2)) as assumed in [21] and [22] , but its performance is confirmed by the simulations for L a > 1 in Section VI. Then, (9) can be written as
The problem (P1) can be equivalently given as
where
is the SINR of X-haul link and
n is the SNR of the access link. Because f t affects both SNR and SINR, the problem (P1 − 1) has no closed-form solution.
By introducing the slack variable C max [23] , (P1 − 1) can be rewritten as
Note that C max means the allowable self-interference level in IFD X-haul link and, as C max increases, the SINR of X-haul link monotonically decreases. Accordingly, to get the optimal solution for (P1 − 1 ), we can repetitively solve the problem for a fixed C max , starting from a large value of C max and reducing it by a small constant C. For a fixed C max , the problem is still has no closed-form solution and we take an iterative approach by splitting the problem (P1 − 1 ) with a fixed C max into two subproblems without loss of the optimality.
For a given w r , we can have
and, because
is a constant for a fixed w r and C max , the optimal solution for the following problem (P1 − 1 a ) can also be the optimal solution for (P1 − 1 a ).
From Lemma 1 of [24] , the optimal f t for (P1 − 1 a ) becomes a linear combination of g s and a ⊥ t (φ t,1 ), where
. That is, the optimal f t is given as:
and, furthermore, by substituting (13) into (P1 − 1 a ), it can be equivalently transformed as
where a t (φ t,1 ) = a a t g s + b a t a ⊥ t (φ t,1 ) and its optimal solution (α, β) can be easily derived by using standard geometry and given as
Accordingly, from (13), for
|a a t | 2 +|b a t | 2 ≤ C max , the optimal beamforming vector is given as:
while, for
Note that (13) implies that the optimal beamforming vector f t lies in the space spanned jointly by g s and the projection of a t (φ t,1 ) into the null space of g s . Due to the constraint of the self-interference in X-haul link, the optimal solution is given as a linear combination of the interference directing vector (g s ) and the SNR maximizing (or, maximal ratio transmission) beamforming vector that is orthogonal to g s . In addition, when α increases, the self-interference also monotonically increases, resulting in the monotonic reduction of SINR of X-haul link. From (14) , when the actual self-interference is smaller than C max , the optimal beamforming strategy is the MRT or the matched filtering on a t (φ t,1 ). From (15) , when the actual self-interference is larger than C max , the power of the optimal beamforming vector allocated in the direction of g s should be reduced by
Again, because
is a constant for a fixed f t , the optimal solution for the following problem (P1 − 1 b ) can also be the optimal solution for (P1 − 1 b ).
Note that, the constraint in (16) becomes |w H r H s f t | 2 = C max at the optimal point and the interference |w H r H s f t | 2 is substituted for C max in (P1 − 1 b ) . The optimal solution for VOLUME 6, 2018 (P1 − 1 b ) is then given as
where 
and C max ≥ 0 do 5:
8: 
Note that the first inequality is from the optimality of (17) with f (i) t and the second equality is from the fact thatf
is obtained from (15) with w
That is, as the iteration goes on, the SINR monotonically increases, but the SINR is upper bounded as
C th , Algorithm I always gives the converged solution setf t andw r . Note that
max and, accordingly, C th = |w
which has a small value in general. Throughout the simulation we set C = H s 2 500 , which guarantees the convergence of Algorithm 1 (see also Fig. 3) .
(Global optimality) Note that we start Algorithm 1 with the transmit beamforming vectorf t = a t (φ t,1 ) that maximizes the achievable rate of the access link and the allowable self-interference level C max = H s 2 that is the maximum possible self-interference level. Let (f t ,w r ) andC max be the outputs of Algorithm 1 and the corresponding interference level, respectively. If we assume that the optimal beamforming vectors (f t ,w r ) are obtained with C max <C max ,
where the inequalities come from the facts that the X-haul link SINR and the access link SNR are monotonic decreasing and increasing functions of C max , respectively. This implies that the access link SNR with (f t ,w r ) cannot be greater than that with (f t ,w r ). Since the achievable rate is determined by the access link SNR for both C max andC max , the achievable rate with C max cannot be greater than that with C max and it contradicts the assumption that (f t ,w r ) are the optimal beamforming vectors. Likewise, if we assume that the optimal beamforming vectors (f t ,w r ) are obtained with C max >C max ,
This implies that the X-haul link SINR with (f t ,w r ) cannot be greater than that with (f t ,w r ). Since the achievable rate is determined by the X-haul link SINR for C max , the achievable rate with C max cannot be greater than that with C max and it contradicts the assumption that (f t ,w r ) are the optimal beamforming vectors. Therefore, due to the monotonicity of the X-haul link SINR and the access link SNR over C max , the solution set (f t ,w r ) obtained by Algorithm 1 is the optimal solution set.
Remark 2:
The iterative Algorithm 1 requires the CSIT of K a (channel quality indicator, CQI) and φ t,1 (channel direction indicator, CDI) at f-TRP. 2 Note that the CSIR of K x , a r (φ r,0 ), and H s can be estimated at the receiver-side of f-TRP without difficulty, in general. Furthermore, the unquantized CQI (K a ) of CSIT is usually available at the transmit-side [25] , [26] , while CDI (φ t,1 ) is usually estimated at MS and reported to the f-TRP with a proper quantization.
Remark 3: For the multi-path channel channel matrix h a in (2) (i.e., 1 < L a M t ), Algorithm 1 can also be exploited to optimize f t and w r , jointly. At the active MS, CDI (φ t,1 ) is estimated asφ t,1 = arg max
Because the CQIK a = h a 2 is available at the f-TRP and the mmWave signal is heavily attenuated for NLOS multi-path components, the channel matrix for the access link can be approximated as a one-dominant single-path channel,
which can then be utilized in estimating f t and w r with Algorithm 1 at f-TRP.
IV. TRANSCEIVER DESIGN FOR MMWAVE IFD AT F-TRP WITH LIMITED FEEDBACK
In this section, we investigate the rate loss due to the quantization error of CDI (φ t,1 ) and then, suggest a guide on the number of feedback bits for a given rate loss, in which the upper bound of the rate loss is derived and exploited in the determination of the number of feedback bits. To get a clear intuition about the rate loss due to the quantization error, we assume the LOS channel (L a = 1) for the access link, but it can be also extended to L a > 1 with the approximation of (21).
A. QUANTIZATION ERROR ANALYSIS
In the access link, if the CDI φ t,1 of the active user is uniformly distributed on [−π/3, π/3] and the feedback channel is error-free, then the quantized CDI (φ t,1 ) available at f-TRP can be modeled asφ
where φ t,1 is a quantization error with | φ t,1 | ≤ π 3 2 −N b . Here, N b is the number of feedback bits. Now, let us first consider that the achievable rate of X-haul link is high (i.e., R x > R a ). From the algorithm 1, the optimal beamforming vector for the access link is given asf t = a t (φ t,1 ) in Fig. 2-(a) and the associated achievable rate is given aŝ
Accordingly, from (10) and (23), the rate loss can be defined as R loss R a −R a and the following lemma tells about the upper-bound of the rate loss.
Lemma 1: When the achievable rate of X-haul link is high, at high SNR with N b feedback bits, the rate loss R loss is upper bounded as Lemma 1 shows that the number of feedback bits increases as the rate loss decreases. Interestingly, it is also shown that the upper bound of the rate loss is an increasing function of the number of antennas. This comes from the fact that a large antenna array enables the transmitter to make a sharp transmission beam. Therefore, the narrow beam-width with a large antenna array incurs more rate loss under the same quantization error of CDI.
When the achievable rate of X-haul link is low (i.e., R x < R a ), several iterations are performed in Algorithm 1 to increase the rate of X-haul link by reducing the self-interference to the X-haul link as in Fig. 2-(b) . If R x < R x after Algorithm 1 is done, the rate loss is independent with the CDI feedback in the access link. Accordingly, we consider the case of min(R x , R a ) = R x = R a after Algorithm 1 is terminated.
Note Fig. 2-(b) , which also implies |β| ≈ |β|. Then, we can derive the following lemma about the upper-bound of the rate loss for the low achievable rate of X-haul link.
Lemma 2: When the achievable rate of X-haul link is low, at high SNR with N b feedback bits, the rate loss R loss is upper bounded as
where |α| 2 + |β| 2 = 1. Note that as |α| (= √ C max w H r H s ) increases, the upper bound in (26) approaches that in (24) . In contrast, as |α| decreases, the upper bound in (26) becomes large. That is, when the capacity of X-haul link becomes small, the rate loss can be slightly increasing.
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Remark 4: Because |α|+2|β| |α|+|β| ≤ 2 for |α| 2 + |β| 2 = 1, from Lemma 1 and 2, to have a constant rate loss R loss compared to the perfect CSIT, the optimal number of feedback bits can be determined as
That is, as the number of transmit antenna increases, the required feedback bits increases. This is because, as the number of antenna increases, a sharpened beam can be generated. Accordingly, the beam-width becomes narrow and to maintain the rate loss, the more accurate CDI is required. Interestingly, when the wavelength becomes small (i.e., the operating carrier frequency increases), the required feedback bits also increases. This is because the spatial resolution of beamforming increases for the small wavelength.
V. DISCUSSION A. EXTENSION TO 3D MULTI-USER BEAMFORMING WITH A PLANAR ARRAY ANTENNA AT F-TRP
To extend the proposed scheme to the planar array antenna configuration, the multi-user channel matrix H a ∈ C K ,M t can be modeled [27] , [28] 
with the Tx steering vector
Here, the M t,v × M t,h uniform planar array is considered with M t = M t,v M t,h . Then, the proposed beamforming in Algorithm 1 can be applied to a single active user channel h a,k . Furthermore, if the multi-user interference can be spatially well separated in three dimensional (3-D) channel model [29] , [30] (i.e., h ak for k = 1, ..., K are nearly orthogonal), the Algorithm 1 can be modified to compute the transmit beamforming vectors f tk for multiple active users and w r , which is summarized in Algorithm 2. In algorithm 2, we assume that the X-haul link channel is modeled as 2D channel model for simplicity, but it can be also extended to 3D channel model without difficulty. Note that in Step 4 of Algorithm 2, log 2
12: end while 13: Returnf tk ,w r user scheduling in access link, but it can be further optimized jointly with general user scheduling and additional precoding strategy handling the fairness and inter-user interferences, which is out of scope of this paper and left as future works.
B. COMPUTATIONAL COMPLEXITY ANALYSIS
To evaluate the computational complexity of the proposed algorithm, we analyze the number of flops (floating operations) required in the While loop of Algorithm 1, which is the main burden in the overall complexity. In the line 9 of Algorithm 1, the computations of a ⊥ t (φ t,1 ) andḡ s require O(M t ) and O(M t M r ) flops, respectively. In the line 11 of Algorithm 1, because 
VI. SIMULATION RESULTS
Computer simulations have been performed to evaluate the performance of the proposed beamforming scheme in the MXN. Throughout the simulations, the number of transmit antennas at the XDU is set as M t,x = 36 and the numbers of transmit/receive antennas at f-TRP are also set as M t = M r = 36, all having linear array shape with an inter-antenna space, d = λ/2, unless otherwise stated. For the X-haul link channel in (4), we set d 0 = 350m with α PL,x = 2 [17] . The received 
SNR is defined as
The angles (φ r,0 , φ t,0 ) are respectively given as (−10/180π, 0).
In Fig. 4 , we evaluate the achievable rates of the proposed scheme for L a = 1. For the comparison purpose, we also evaluated the achievable rates of the conventional MRT beamforming with IFD for the access link and that with half-duplex. In the beamforming with half-duplex, the normalized time frame is divided into two phases, T x and T a (T x + T a = 1) for the x-haul and the access link, respectively, which incurs no self-interference. Here, the optimal time portions can be determined as
Here, φ t,l in (2) are randomly generated with Laplacian distribution with a meanφ t,l = 20/180π and an angular spread of 10/180π [31] . In Fig. 4-(a) , we set d 1 = 120m and α PL,a = 3.5 for the access link which has a weak channel gain compared to the x-haul link.
It can be found that the proposed scheme and the conventional MRT with IFD exhibit the same rate performance. This is because the channel gain of the access link is smaller than that of the x-haul link and accordingly, even though the MRT beamforming incurs large self-interference to the x-haul link, it does not reduce the system capacity. In Fig. 4-(b) , we consider d 1 = 30m and α PL,a = 2, which implies a strong channel gain at the access link. Note that the proposed scheme shows higher rate than the other schemes. Therefore, the self-interference management becomes more critical for the strong access link. Here, the transmission schemes with IFD outperforms that with half-duplex.
In Fig. 5 , we evaluate the achievable rates of the proposed scheme for L a = 5. Here, the CDI is determined as in (20) of Remark 2 and perfectly known at the f-TRP. We can see that the proposed scheme also outperforms the MRT beamforming with IFD in the general mmWave channel with 1 < L a M t . In Fig. 6 , we also exhibit the achievable rates when a planar array is exploited at f-TRP, discussed in Section V-A. Here, the number of antenna elements is 36(= 4×9) and total 4 users are active withφ t,l = [−40, −20, 15, 45] × π/180, θ t,l = [55, 60, 70, 75]×π/180, and vertical/horizontal angular spread of pi/180π . It can be found that the performance gap between the proposed scheme and the conventional MRT beamforming becomes more apparent. That is, when the achievable rate becomes large due to spatially well-separated multi-users with 3D beamforming and SICPR ρ s is large, the proposed scheme is preferable to handle the in-band interference to X-haul link. α PL,a = 3.5 (a weak access link) and (b) Rate loss and its upper bound in (26) for d 1 = 30m and α PL,a = 2 (a strong access link) are also shown. As expected, as the number of feedback bits increases, the rate loss decreases and the gap between the simulation and the upper bound also decreases. Accordingly, from the upper bounds in Lemma 1 and 2, we can predict the performance loss due to the quantization errors of CDI in the proposed beamforming for the IFD MXN and determine the number of feedback bits for a given rate . loss using (27) . In Fig. 8 , we evaluate the achievable rate according to the number of transmit antennas at the f-TRP for various numbers of feedback bits with d 1 = 30m and α PL,a = 2 when (a) L a = 1 and (b) L a = 5. Note that, for L a = 5, the CDI is determined as in (20) of Remark 2 and its performance is lower than that for L a = 1 because the beamforming vector cannot be perfectly matched to the channel for the access link for L a = 5. In addition, it can be found that when N b = ∞ (i.e., the perfect CSIT) and N b =N b defined in (27) with R loss = 0.2, the achievable rate increases as the number of transmit antennas increases, regardless of L a . However, for N b = 4 bits and
, as the number of antennas increases, the achievable rate decreases. That is, the rate loss increases as the number of the antenna increases with the insufficient feedback bits, which coincides with Remark 4.
VII. CONCLUSION
In this paper, we have investigated the millimeter-wave beamforming in mobile X-haul network with IFD mode. Because the system throughput is determined by the minimum value of the access link capacity and the X-haul link capacity and the in-band operation incurs the self-interference, the receive beamforming for the X-haul link and the transmit beamforming for the access link are jointly designed to maximize the system throughput. In addition, we have analyzed the rate loss due to the quantization error of the CSI at f-TRP with limited feedback overhead and found that the rate loss increases as the number of transmit antennas increases. Accordingly, to maintain the array gain for the mmWave beamforming in MXN (that is, to have a small constant performance gap compared to the perfect CSIT case), the number of feedback bits increases proportional to the number of transmit antennas, even for a LOS channel (L a = 1). He is currently a Director of the Mobile Network Research Section at 5G Giga Service Research Laboratory. His research interests include network architecture and radio access for mobile communications, with the focus on mobility control and radio resource management.
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